Partitioning of newly acquired C and N between shoot and roots was altered by N fertilization but not [CO 2 ]. More newly acquired C and N were partitioned to roots in the low-N treatment than in the high-N treatment.
Introduction
An increase in atmospheric CO 2 concentration ([CO 2 ]) often enhances growth of forest trees, while decreasing tissue mineral nutrient concentration (Ceulemans and Mousseau 1994 , Vivin et al. 1995 , Penuelas et al. 1997 , Saxe et al. 1998 . It has been suggested that the decrease in mineral nutrient concentration indicates dilution as a result of accelerated plant growth, rather than an increase in mineral nutrient-use efficiency (Coleman et al. 1993) . Reduced tissue nitrogen (N) concentration associated with growth stimulation by elevated [CO 2 ] may reduce photosynthetic rate and thus limit the long-term growth response to elevated [CO 2 ]. Such an effect should be most evident on nutrient-poor soils (Couteaux et al. 1991 , Kirshbaum et al. 1998 , Saxe et al. 1998 .
Trees acquire N mainly through fine-root uptake from the soil (Tingey et al. 1997 , Schulte et al. 1998 . Several studies show that fine root growth and mycorrhiza formation are promoted by elevated atmospheric [CO2] and low-N availability (Norby 1994 , Ineichen et al. 1995 , Bucher et al. 1998 . However, there is little detailed information available on the relationships between tissue C and N status and carbon assimilation and N uptake (Tissue et al. 1997 , Bucher et al. 1998 . The goal of the present study was to examine these relationships in Quercus robur L. seedlings. Specifically, we attempted to determine: (1) the stage of seedling development at which C assimilation is affected by elevated atmospheric [CO2] and how that effect depends on N availability; (2) how N uptake is affected by [CO2] and N availability; (3) the consequences of changes in C assimilation and N uptake for shoot and root growth; and (4) whether the distribution of newly acquired C and N between shoot and roots reflects the balance of biomass accumulation in shoot and roots.
Materials and methods

Plant material and culture conditions
Pedunculate oak (Quercus robur) acorns were collected in October 1995 in the forest of Heuilly sur Saône (NE France). Af-ter heat treatment (41°C for 3 h), the acorns were dusted with a fungicidal powder (Rhodiazan, Rhône Poulenc, France) and stored in plastic bags at -1°C over winter. In May 1996, acorns were peeled, washed for 48 h with tap water at room temperature, sown in 5-l plastic containers filled with vermiculite, and grown in a natural photoperiod inside two 50-µm-thick transparent polypropylene tunnels (5 × 3 × 2.3 m) in greenhouses located at INRA, Nancy, France. Photosynthetic photon flux density inside the tunnels was about 60% of full daylight and never exceeded 1400 µmol m -2 s -1 . Seedlings were continuously exposed to either ambient (350 ± 30 µmol mol -1 ) or elevated (700 ± 50 µmol mol -1 ) atmospheric [CO 2 ], which was controlled by an automated regulation system (Vivin et al. 1995 , Picon et al. 1996 and continuously monitored by infrared gas analyzers (ADC 225 MK3, U.K.). Seedlings were watered twice daily with a complete nutrient solution containing either 6.1 or 0.61 mmol N l -1 (Le Blevennec 1986) . Air temperature in the tunnels ranged from 15 to 25°C. Vapor pressure deficit (VPD) ranged from 1.01 to 2.02 kPa.
Labeling with
15 N and 13 CO2
Eight seedlings that had completed two growth flushes (second-flush stage) and another eight seedlings that had completed three growth flushes (third-flush stage) were randomly selected from each treatment at the end of July and August, respectively. The plants were placed in a VTPH 5/1000 controlled environment chamber (Vötsch Industrietechnik GmbH, Reiskirchen-Lindenstruth, Germany) operated as a semi-closed system designed for 13 C labeling (Vivin et al. 1995) .
The following day, each soil container was supplied with 20 ml of 10 mM 15 NH 4 15 NO 3 solution (Eurisotop, Gif sur Yvette, France), which resulted in an 15 N enrichment of 2.0 and 19.8 atom% in the soil of the high-N and low-N treatments, respectively. Seedlings were then exposed for 10 h to 13 CO 2 -enriched air (4 atom% 13 C) with a [CO 2 ] of either 350 or 700 µmol mol -1 . Chamber temperature was 20 ± 1°C and relative humidity was 97%. Three high-pressure SONT sodium vapor discharge lamps (Philips Electronics N.V., Amsterdam, The Netherlands) provided a photosynthetic photon flux density of 350 µmol m -2 s -1 at plant level. Three plants in each treatment group were harvested at the end of the 13 C labeling period (t0) for 13 C and 15 N analysis. The five remaining plants were returned to the greenhouse and harvested after 72 h (t1) for 13 C and 15 N analysis. Three unlabeled seedlings grown under similar conditions were harvested to determine baseline abundances of 13 C and 15 N.
Sampling and calculations
Roots of harvested seedlings were separated from the vermiculite medium by gentle shaking. Vermiculite from each container was retained and the soil solution extracted, filtered and evaporated to dryness at ambient temperature under vacuum (Maxi-dry Plus; Heto-Holten A/S, Allerød, Denmark We determined isotopic enrichment and partitioning of newly acquired C and N in the different plant components. Isotopic abundance (atom% or A%) for C and N is defined as: 100.
The 13 C atom excess content ( 13 C excess ) in intact labeled seedlings was calculated at t 0 and t 1 to determine (1) the incorporated 13 C content relative to the natural 13 C content of unlabeled seedlings at the end of the labeling period and (2) the proportion of incorporated 13 C lost by respiration after 72 h: To calculate AC, unlabeled atmosphere for each tunnel, the time integrated δ 13 C of air (δ a ) in the tunnels was assessed in July and August by measuring δ of leaf dry matter (δp) of Zea mays L. seedlings grown at the same time as the Quercus robur seedlings. According to Marino and McElroy (1991) 
Results
Dry matter production and leaf area development
At the third-flush stage, seedlings in the elevated [CO 2 ]/high-N treatment had greater leaf (+86%), stem (+217%), coarse root (+533%) and whole-plant (+139%) biomass than seedlings in the ambient [CO 2 ] treatments, although fine root biomass was unaffected by [CO 2 ] ( Figure 1a , Table 1 ). Biomass accumulation in leaves and stems was severely restricted by the low-N treatment, particularly in elevated [CO 2 ], with shoot biomass reduced more than root biomass. More biomass accumulated in coarse roots than in fine roots in elevated [CO 2 ] (Figure 1a ). At the third-flush stage, there was a strong positive interaction between the effects of elevated [CO 2 ] and N supply on coarse root and whole-seedling biomass (Table 1) . At the second-and third-flush stages, root/shoot biomass ratio was two-to threefold higher in the low-N treatment than in the high-N treatment, regardless of [CO 2 ] ( Figure 1b , Table 1 ).
Leaf area was significantly increased by both elevated [CO2] and high-N supply, especially at the third-flush stage (+93%) ( Figure 1c , Table 1 ). From the second-flush to third-flush stage of development, the effect of N supply as a limiting factor increased and negated any positive effect of elevated [CO2] on leaf area. In contrast, specific leaf area was significantly decreased by 17-25% in response to elevated [CO2], regardless of N treatment ( Figure 1d , Table 1 ).
C and N distribution within the seedlings
Carbon concentrations in leaves and whole seedlings were slightly but significantly lower in the low-N treatment than in the high N-treatment, particularly at the third-flush stage (Table 2).
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Nitrogen concentrations of seedlings were markedly lower in the elevated [CO2] treatments compared with the ambient [CO2] treatments and in the low-N treatments compared with the high-N treatments. At the third-flush stage, these treatment effects were more than additive (Table 2) , with the result that, relative to the high-N/ambient [CO2] treatment, N concentrations in leaves, stem, fine roots and coarse roots were 51, 46, 41 and 70% lower, respectively, in the low-N/elevated [CO2] treatment.
Elevated [CO2] and low-N availability increased leaf and seedling C:N ratios at both flush stages (Table 2) . A slight interaction between [CO2] and N treatment effects on leaf and stem C:N ratios was observed. Root C:N ratio was not altered by [CO2], but was significantly higher in the low-N treatment than in the high-N treatment.
Allocation of newly acquired C and N
At the second-and third-flush stages, the incorporation of 13 C tracer by seedlings was enhanced by both elevated [CO 2 ] and high-N treatment, with a significant and positive interaction between the treatments (Table 3) . As a result of respiratory loss of current assimilates, 13 C excess decreased during the 72-h chase period. In second-flush seedlings in ambient [CO 2 ], the reduction was 24 and 28% in the low-N and high-N treatments, respectively, whereas in the elevated [CO 2 ] treatment the reduction was 37 and 49% in the low-N and high-N treatments, respectively (Table 3) . In third-flush seedlings, reductions in 13 C excess during the 72-h chase period were relatively small (15-21%) except in the ambient [CO 2 ]/low-N treatment, where the loss was 41% (Table 3) .
At both the second-and third-flush stages, accumulation of newly assimilated C in leaves, on either an area or a dry weight basis, was lowest in the elevated [CO2]/low-N treatment (Figures 2a and 2b Table 4 ). In all treatments, RSA C of stem and fine roots was higher than that of coarse roots.
At the third-flush stage, RSAC was significantly enhanced by both elevated [CO2] and high-N fertilization, with the factors interacting positively (Figure 3 , Table 4 ). Values of RSAC of seedlings in elevated [CO 2 ] indicated that leaves were more enriched in newly acquired C in the high-N treatment than in the low-N treatment. Comparison of RSAC values of organs in each growth treatment showed that all organs were similarly enriched except in the elevated [CO2]/low-N treatment, where fine roots were more enriched in newly acquired C than other organs.
At the second-and third-flush stages, RSAN of organs was decreased by low-N fertilization (Figure 3 , Table 4 ). In all treatments, the stem was the most enriched in newly acquired N. Organs tended to be more enriched in new N in elevated [CO2] than in ambient [CO2], although the effects were significant only for leaves in the elevated [CO2]/high-N treatment (Figure 3 , Table 4 ). The organs most enriched in newly assimilated N were the fine roots and stem, particularly in the elevated [CO2]/high-N treatment. Figure 4 shows the partitioning of newly acquired C and N among organs of seedlings at the second-and third-flush 166 MAILLARD, GUEHL, MULLER AND GROSS TREE PHYSIOLOGY VOLUME 21, 2001 stages. At the end of the labeling period (t 0 ), source leaves retained about 80% of new C, regardless of growth conditions or flush stage. At t 1 , in the high-N treatment and at both flush stages, the main sink for new C was the shoot. In particular, leaves retained about 30 to 40% of new C (Figure 4 ). Nitrogen treatment significantly altered the partitioning of C within seedlings (Table 4) . Low-N fertilization resulted in an increased allocation of new C from leaves to roots, with coarse roots becoming the main sink for new carbon. At the secondand third-flush stages, elevated [CO 2 ] alone had no significant effect on the partitioning of new C within the plant (Table 4) Table 4 ).
New C and N partitioning among organs
Discussion
A primary objective of this study was to determine whether low soil N availability substantially alters the growth responses of Quercus robur seedlings to atmospheric [CO 2 ]. We found that seedlings were sensitive to soil N supply at an early stage of development. The low-N treatment limited shoot growth, especially foliage (biomass and area) and precluded a growth response to elevated [CO 2 ]. Until the formation of the second flush, seedlings are highly dependent on C and N reserves of the seed. Nevertheless, seed N reserves are insuffi-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com . The 13 C labeling period lasted 10 hours (t 0 ) and was followed by a chase period of 72 h (t 1 ). Plants were harvested at t 0 and t 1 . Each value corresponds to a mean ± SE (n = 3 to 5). For the same time, values followed by the same letter are not significantly different. The significance of the effects of CO 2 and N fertilization and their interaction are indicated for the different variables; ns, non significant; *, P < 0.05 ; **, P < 0.01; ***, P < 0.001. Table 4 . Two-factorial variance analysis (ANOVA) for new carbon and nitrogen uptake and partitioning (n = 4 to 5) ) in the different organs of Quercus robur L. seedlings carrying two and three fully developed flushes. Seedlings were grown for three (second-flush stage) and four months (third-flush stage) in 350 or 700 µmol mol -1 CO 2 and two nitrogen supply regimes (N + , 6.1; N-, 0.61 mmol l -1 nutrient solution). The significance of the effects of CO 2 and of N fertilization and their interaction are indicated for the different variables; ns, non significant; *, P < 0.05 ; **, P < 0.01; ***, P < 0.001.
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Second flush
Third flush cient to satisfy seedling requirements during the early stages of development (Scuiller 1990) . At the third-flush stage, both shoot and root growth of Quercus robur seedlings were significantly enhanced by elevated [CO 2 ] in the high-N treatment, without alteration to the root/shoot ratio, whereas specific leaf area was markedly decreased. Interactive effects of [CO 2 ] and N supply on seedling growth appeared at the third-flush stage. Before this stage, seedlings are relatively insensitive to atmospheric [CO 2 ] because seed C reserves are sufficient for seedling growth (Scuiller 1990) . In this respect, our results are consistent with previous studies with Q. robur grown in elevated [CO 2 ] with non-limiting N supply (Vivin et al. 1996 , Atkinson et al. 1997 , Bucher et al. 1998 . However, in the present study, there was no significant effect of [CO 2 ] on root/shoot ratio. By using isotopic tracers we were able to show that, in Quercus robur seedlings, both the uptake of, and requirement for, N increased significantly in response to elevated [CO2] when N supply was non-limiting. Similar positive adjustments in N uptake rates in response to [CO2] have been observed in both herbaceous and woody species (BassiriRad et al. 1997 , Geiger et al. 1999 , Maillard et al. 1999 ). Nevertheless, adjustments in N uptake depend on species as well as growth conditions (Kirshbaum et al. 1998) . For example, insensitivity, or inhibition, of root N uptake capacity in response to elevated [CO2] has also been reported (BassiriRad et al. 1997) . Despite increased N uptake, nitrogen concentration was lower in seedlings in elevated [CO2] than in ambient [CO 2 ]. The labeling experiment revealed an interaction between low-N fertilization and elevated [CO2], resulting in shoot N dilution, without adjustment in N uptake. Both increased growth and N dilution in the elevated [CO2]/high-N treatment, particularly in leaves, could be the result of an increase in N productivity (growth rate per unit N) as observed in other species (Curtis 1996, Stitt and Krapp 1999) . However, our finding that mature leaves retained about 30% of assimilated C after 72 h (Figure 4 ) suggests that leaf N dilution in the elevated [CO2]/high-N treatment is mainly the result of increased C storage as starch (Picon et al. 1997) , rather than a decrease in Calvin cycle enzymes. For example, Atkinson et al. (1997) found unchanged amounts of Rubisco and increased thylakoid-bound protein cytochrome f in leaves of Quercus robur grown in elevated [CO2] .
RSA of C (%)
Our labeling experiment showed increased C assimilation on both a leaf dry mass and a unit area basis, and an increase in respiratory loss of labeled C in response to elevated [CO2] and high-N treatment. This result, together with the decrease in total respiration previously observed (data not shown, Vivin et al. 1995) , suggests changes in the nature of respired substrates (new assimilates, reserves) in elevated [CO2] compared to ambient [CO2] treatment. Several authors have attributed the decreased plant respiration in elevated [CO 2 ] to indirect effects, such as changes in biomass composition caused by the accumulation of nonstructural carbohydrates, for which maintenance respiration is low (Bouma et al. 1996) . However, direct effects of [CO2] have also been reported for herbaceous plants and tree species (Drake et al. 1997 , Amthor 2000 and the effects have been attributed to an alteration of intracellular pH leading to the inhibition of respiratory enzymes such as succinate dehydrogenase and cytochrome c oxidase (Gonzalez-Meler and Siedow 1999) .
Low-N treatment reduced leaf size in Quercus robur seedlings, but in contrast to elevated [CO 2], it did not alter specific leaf area. Similar effects of low-N availability on leaf growth have been reported in deciduous tree species, including Populus tremuloides Michx. (Volin and Reich 1996) and Quercus virginiana Mill. (Tognetti and Johnson 1999) . These observations reflect the effect of nitrate on cell division and expansion (Radin and Boyer 1982 . The 13 C labeling period lasted 10 h (t 0 ) and was followed by a chase period of 72 h (t 1 ). Plants were harvested at t 0 and t 1 . The 15 N labeling period was continuous and lasted 10 (t 0 ) or 72 h (t 1 ). Each value corresponds to a mean ± SE (n = 4 to 5). Leaves (solid fill), stem (cross-hatched), fine roots (fine screen), and coarse roots (unfilled). , Coleman et al. 1993 , Reddy et al. 1997 , Geiger et al. 1999 . At low-N availability, an increase in root/shoot ratio of Quercus robur seedlings was observed as a result of a greater reduction in shoot growth than in root growth. This effect appeared early in seedling development and presumably facilitates N uptake, as found in juvenile Pinus ponderosa Dougl. ex Laws. trees .
In Quercus robur, the growth depression resulting from N deficiency was accompanied by a strong dilution of tissue N, particularly in coarse roots, fine roots and leaves. Dilution resulted from both decreases in N uptake per unit of fine root mass and changes in allocation of newly acquired N. Because this implies that root uptake, an energy-dependent process (Clarkson 1985) , is limited by N deficiency, we hypothesize that, under the conditions employed in this study, the internal N concentration becomes insufficient for roots to maintain protein synthesis for N uptake, assimilation, growth and export of N toward other sink organs. Under these conditions, the increased allocation of new C to roots, especially coarse roots, observed in the low-N treatment may have no function other than to store excess C. At low-N availability, C assimilation per unit leaf dry mass or area decreased, because N deficiency limited C assimilation, especially in the elevated [CO 2 ] treatment. This may explain the sharp decrease in root N uptake and leaf N concentration observed in our experiment. It has previously been shown that N might be reallocated elsewhere in the plant, especially in fine roots that require large amounts of N compounds (Ceulemans and Mousseau 1994) . This result confirms the importance of mineral nutrition in determining tree growth responses to changes in atmospheric [CO 2 ], as outlined by Norby et al. (1994 Norby et al. ( , 1996 . Elevated [CO 2 ] enhanced biomass accumulation but did not alter C and N partitioning among organs in young oak seedlings. On the other hand, the pattern of partitioning of newly assimilated C and N among organs was strongly influenced by N fertilization. Low-N supply led to increased allocation of newly assimilated C to roots, and less newly acquired N was allocated to the shoot. In contrast, high-N supply tended to decrease allocation of new C to the roots and increase allocation of new N to the shoot. Such a pattern, which is also found in Cichorium intybus L. (Améziane et al. 1996) , is likely to favor C and N accumulation in roots, as well as future new root growth and metabolism for N uptake and nitrate assimilation in nutrient-poor soils.
In conclusion, responsiveness of Quercus robur to elevated [CO2] appeared early in seedling development and was strongly dependent on soil N availability. A positive and strong interaction between N supply and [CO 2] was shown in the growth responses of this species. Nitrogen deficiency precluded positive growth responses to elevated [CO 2 ], and enhanced both biomass accumulation and partitioning of newly assimilated C and N to roots, creating a growth imbalance. In the context of oak forest regeneration, such behavior has implications for soil exploration by roots and the exploitation of available mineral nutrient resources. It also suggests that oak seedling communities established on soils of low N fertility will respond little to increasing atmospheric [CO 2 ].
